Although dihydropyridines are widely used for the treatment of vasospasm, their effectiveness is questionable, suggesting that other voltage-dependent calcium channels (VDCCs) contribute to control of cerebrovascular tone. This study therefore investigated the role of dihydropyridineinsensitive VDCCs in cerebrovascular function. Using quantitative PCR and immunohistochemistry, we found mRNA and protein for L-type (Ca V 1.2) and T-type (Ca V 3.1 and Ca V 3.2) channels in adult rat basilar and middle cerebral arteries and their branches. Immunoelectron microscopy revealed both L-and T-type channels in smooth muscle cell (SMC) membranes. Using patch clamp electrophysiology, we found that a high-voltage-activated calcium current, showing T-type channel kinetics and insensitivity to nifedipine and nimodipine, comprised B20% of current in SMCs of the main arteries and B45% of current in SMCs from branches. Both components were abolished by the T-type antagonists mibefradil, NNC 55-0396, and efonidipine. Although nifedipine completely blocked vasoconstriction in pressurized basilar arteries, a nifedipine-insensitive constriction was found in branches and this increased in magnitude as vessel size decreased. We conclude that a heterogeneous population of VDCCs contributes to cerebrovascular function, with dihydropyridineinsensitive channels having a larger role in smaller vessels. Sensitivity of these currents to nonselective T-type channel antagonists suggests that these drugs may provide a more effective treatment for therapy-refractory cerebrovascular constriction.
Introduction
Although subarachnoid haemorrhage accounts for only 5% to 10% of all strokes, the prognosis is poor due to the high incidence of subsequent cerebral ischaemia resulting from arterial vasospasm. While antagonism of L-type voltage-dependent calcium channels (VDCCs) forms the mainline treatment for vasospasm, the effectiveness of these drugs in improving patient outcome in terms of morbidity and mortality is questionable. In a recent assessment of the results from clinical trials of calcium channel antagonists, only oral administration of the highly lipophilic blocker, nimodipine, had a significant effect in improving patient outcome, although this effect was not seen when data from one large study were excluded (Dorhout Mees et al, 2007) . Interestingly, the improvement in neurological outcome was not accompanied by angiographic evidence of the prevention or reversal of arterial spasm (Tomassoni et al, 2008) . Although the lack of effect of nimodipine and other L-type VDCC antagonists on vasospasm could be attributable to inadequate dose due to the associated risk of harmful blood pressure lowering or other side effects, it is also possible that additional subtypes of VDCCs contribute to cerebral vasoconstriction.
Recent studies have provided evidence that T-type channels are expressed in basilar, mesenteric, renal, cremaster, and subcutaneous resistance arteries, and nifedipine-insensitive currents have been reported to contribute to vascular responses (Ball et al, 2009; Braunstein et al, 2008; Jensen et al, 2004; Morita et al, 2002; Navarro-Gonzalez et al, 2009; Nikitina et al, 2007; VanBavel et al, 2002) . However, a role for the traditionally low-voltage-activated T-type channels seems unlikely, because the window current of T-type calcium channels lies between À70 and À65 mV (Perez-Reyes, 2003) , outside the range of potentials experienced by smooth muscle cells (SMCs) of arteries at physiological pressures (À60 to À40 mV, Knot and Nelson, 1998) .
Nevertheless, T-type channels have been implicated in blood pressure regulation because mibefradil, which was described as a selective inhibitor of T-type channels and marketed for treatment of essential hypertension and stable angina pectoris, was found to be highly effective in shortterm clinical trials and animal studies (Baylis et al, 2001; Beltrame et al, 2004; Ertel et al, 1997; Vacher et al, 1996; Van der Vring et al, 1999) . Although mibefradil was withdrawn due to adverse interactions with other drugs in a small group of patients, subsequent studies of mibefradil and other putative T-type VDCC blockers have shown nonspecific effects on L-type VDCCs and other channels, particularly at higher concentrations (Heady et al, 2001) . Indeed, recent murine studies of conditional deletion of the L-type channel, Ca v 1.2, in SMCs suggest that the effects of mibefradil are entirely mediated by L-type channels (Moosmang et al, 2006) . Mibefradil significantly reduced mean arterial pressure and increased flow in a perfused hindlimb preparation of wild-type mice, but failed to affect flow or pressure in SMC Ca v 1.2 knockout mice (Moosmang et al, 2006) . However, the authors of this study also reported paradoxical increases in heart rate by mibefradil in both control mice and those lacking SMC Ca v 1.2. Although this reflex tachycardia, presumably associated with reduced peripheral resistance, would be expected in L-type channel expressing wild-type mice, parallel effects in the SMC Ca v 1.2 knockouts cannot be ascribed to a vasodilatory action on Ca V 1.2 channel, suggesting therefore an action on another calcium channel. This accords with previous studies of mesenteric vessels in which nifedipine-insensitive currents were reported to be more prominent in terminal mesenteric arterioles (Morita et al, 1999; Morita et al, 2002) , as was expression of T-type VDCCs (Gustafsson et al, 2001; Jensen et al, 2004) . T-type VDCCs were also increased in expression relative to L-type channels in mesenteric arteries, compared with the aorta, and a non-L-type component of endothelin constriction described (Ball et al, 2009) .
The role of a non-L-type VDCC in the cerebral circulation, however, is controversial. The majority of studies reporting calcium currents recorded from isolated cerebral SMCs have failed to identify a lowvoltage-activated component (McHugh and Beech, 1996; Worley et al, 1991) , and the myogenic response of posterior cerebral arteries is abolished by dihydropyridine antagonists of L-type channels . However, a low-voltage-activated current has been reported in SMCs from the adult dog basilar artery, in which the T-type VDCCs, Ca v 3.1 and 3.3, were expressed (Nikitina et al, 2007) , whereas a nifedipine-insensitive VDCC has been shown to control vascular tone of juvenile rat basilar arteries (Navarro-Gonzalez et al, 2009) , in which Ca v 3.1 and 3.2 were expressed. Given these data, we reinvestigated in this study a role for dihydropyridine-insensitive VDCCs in cerebrovascular function, paying particular attention to vessels of different calibre. Thus, we examined the distribution of VDCC subtypes in the adult rat basilar and middle cerebral arterial circulations. In addition, the effects of L-type antagonists and the putative T-type blockers (mibefradil, NNC 55-0396, and efonidipine) (Braunstein et al, 2008; Furukawa et al, 2004; Huang et al, 2004) on VDCC currents of isolated cerebrovascular SMCs were correlated with effects on myogenic constriction of pressurized cerebral arteries of different size.
Materials and methods

Animals
Male Wistar rats (240 to 280 g) were anaesthetized with isoflurane and decapitated (mRNA, electrophysiology, pressure myography), or injected intraperitoneally with ketamine and xylazine (44 and 8 mg/kg; immunohistochemistry, immunoelectron microscopy). All protocols were approved by the Animal Experimentation Ethics Committee of the Australian National University.
RNA Extraction and RT-PCR
Basilar arteries or middle cerebral arteries (MCAs) and their branches were removed from the surface of the brain, isolated from all adherent meninges, cleared of blood and pooled separately from 8 to 12 rats. mRNA was extracted using RNeasy mini column extraction kit with on-column DNase treatment (Qiagen, Valencia, CA, USA) and reverse transcribed into cDNA, as described previously (Navarro-Gonzalez et al, 2009) . Reverse transcriptase was omitted from parallel samples.
Semi-quantitative PCR, with subtype-specific primers (Navarro-Gonzalez et al, 2009) , was used to screen for expression of all 10 Ca V subtypes in arterial samples of basilar arteries, MCAs, and their branches (n = 4 preparations for each sample). Subsequently, for those subtypes that were commonly detected, expression levels were quantified using real-time PCR and SYBR Green core reagents. Melt curves were run to ensure sample purity. To normalize data for comparisons of expression among different Ca V subtypes, we expressed copy numbers in each preparation relative to the content of 18S ribosomal RNA.
Immunohistochemistry
Rats were perfused transcardially with saline containing 0.1% NaNO 2 , 0.1% bovine serum albumin (Sigma, Castle Hill, Australia), and heparin (Sigma), and decapitated. Basilar arteries, MCAs, and their branches were removed, immersed in 30% sucrose (10 min), and incubated in rabbit anti-Ca V 1.2 (1:300), anti-Ca V 1.3 (1:200), anti-Ca V 2.1 (1:400), anti-Ca V 2.3 (1:500; Alomone, Jerusalem, Israel), anti-Ca V 3.1 (1:500) or anti Ca V 3.2 (1:300; kindly provided by Dr Leanne Cribbs, Loyola University, Chicago, IL, USA) in 2% bovine serum albumin, 0.2% Triton X in PBS (24 to 48 h, 41C) and visualized using donkey anti-rabbit Alexa Fluor 488 (1:200; Molecular Probes, Invitrogen, Eugene, OR, USA). Cell nuclei were stained with propidium iodide (0.001% w/v H 2 O). Antibodies against Ca V 3.1 and 3.2 have been previously tested for specificity using transfected HEK cells (Rodman et al, 2005) , whereas the specificities of Ca V 1.2 and 2.3 antibodies have been previously shown by western blot (Nikitina et al, 2007) . Isolated SMCs were fixed in 2% paraformaldehyde (10 min) and processed similarly.
To ensure primary antibody specificity, we exposed vessel segments to primary antibodies previously incubated with an excess of the immunizing peptide (1 h, RT).
Preparations were viewed with a confocal microscope (Axioskop II; Zeiss Instruments, Heidelberg, Germany). Optical z-axis sections were collected at 0.3 or 1 mm intervals. Control slides were scanned using the same settings as corresponding experimental samples.
Immunoelectron Microscopy
Segments of basilar artery side branches (1 to 2 mm long) were rapidly dissected from heavily anaesthetized rats and transferred to 1-mm-deep planchets in Krebs solution (mmol/L): 120 NaCl, 5 KCl, 25 NaHCO 3 , 1 NaH 2 PO 4 , 2.5 CaCl 2 , 2 MgCl 2 , 11 glucose, gassed with 95% O 2 and 5% CO 2 for high-pressure freezing (Balzers HPM010, Liechtenstein) at B2100 bar, as previously described (Haddock et al, 2006) . Tissue was then freeze substituted (Leica AFS, Vienna, Austria) over 4 days to À901C in 0.1% uranyl acetate in acetone and embedded in LR Gold, polymerized under UV light at À251C. Serial transverse sections (B100 nm thick) were cut and processed for immunohistochemistry as above, using secondary antibodies conjugated to colloidal gold (5, 10 nm; ProSciTech, Thuringowa, QLD, Australia). Sections were imaged at Â 10,000 to Â 40,000 on a Phillips 7100 transmission electron microscope using a 16 megapixel resolution camera (Scientific Instruments and Applications, Duluth, MN, USA).
Patch Clamp Electrophysiology
Basilar arteries, MCAs, or their side branches were stripped of meninges and incubated sequentially at 371C in 0.8 mg/ mL papain (Worthington, Lakewood, NJ, USA), 1.6 mg/mL dithiothreitol (Sigma), and 10 U/mL DNase in physiological salt solution containing 140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl 2 , 10 mmol/L glucose, 10 mmol/L 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.01 mmol/L sodium nitroprusside, 0.01 mmol/L CaCl 2 , 1% bovine serum albumin, followed by 1.5 mg/mL collagenase and 10 U/mL DNase (15 min each). Vessel segments were washed, triturated to individual SMCs, plated on coverslips, and used within 5 h.
Whole-cell currents were recorded at RT using borosilicate pipettes (resistance 5 to 7 MO, P-87 Flaming Brown; Sutter Instruments, Novato, CA, USA; Axopatch 200 A amplifier, Axon Instruments, Sunnyvale, CA, USA). Series resistance was < 20 MO and cell capacitance 8 to 15 pF. As whole-cell currents recorded in these experiments were small < 200 pA, the voltage drop across the electrode series resistance was minimal ( < 3 mV), hence series resistance compensation was not applied. Activation protocols from holding potentials of À50, À70, and À100 mV comprised 100 ms depolarizing steps from À50 to + 50 mV (Axograph X; Axograph Scientific, Sydney, Australia). Inactivation protocols used a conditioning step to potentials from À60 to + 10 mV, returning to holding potential (10 ms), followed by step to + 10 mV (100 ms). For channel deactivation, tail currents were evoked by a step to + 10 mV (20 ms) and hyperpolarization to À100 mV. Current records were lowpass filtered at 2 or 10 kHz and digitized at 4 or 50 kHz (Digidata 1322A; Axon Instruments). Leak currents were subtracted online from all measurements by scaling a 10-mV hyperpolarizing prepulse, repeated four times, to the size of the test pulse.
Initial bath solution comprised 145 mmol/L NaCl, 10 mmol/L BaCl 2 , 10 mmol/L HEPES, 10 mmol/L glucose, and 5 mmol/L CsCl. After seal formation, the 145 mmol/L NaCl was replaced with 135 mmol/L NaCl and 10 mmol/L tetraethylammonium-Cl. In some experiments, 10 mmol/L BaCl 2 was replaced with 2 mmol/L CaCl 2 and 5 mmol/L 4-aminopyridine to block voltage-dependent potassium channels. Pipette solution contained 110 mmol/L CsCl, 20 mmol/L Na 2 -phosphocreatine, 10 mmol/L EGTA, 5 mmol/L Na 2 ATP, 5 mmol/L MgCl 2 , 0.2 mmol/L NaGTP, and 10 mmol/L HEPES. The pH (7.2) of pipette solutions was adjusted using CsOH. Osmolarity was 310 to 325 mOsM.
Effects of drugs were determined in the same cell by comparing currents before, during, and after drug application.
Pressure Myography
Segments of the main basilar artery (319±8 mm; n = 4) and its larger (172±4 mm; n = 17) and smaller branches (103 ± 4 mm, n = 6) were equilibrated for 1 h at 70 mm Hg (Living Systems Instruments, Burlington, VT, USA) to develop myogenic tone while superfused with physiological solution: 118 mmol/L NaCl, 4.7 mmol/L KCl, 25 mmol/L NaHCO 3 , 1.0 mmol/L KH 2 PO 4 , 2.5 mmol/L CaCl 2 , 0.45 mmol/L MgSO 4 , 11.1 mmol/L glucose, bubbled with 5% CO 2 /95% air at 36 o C. Pressure-response curves were determined from 20 to 120 mm Hg (branches) or 20 to 160 mm Hg (main arteries) and repeated in drugs. Passive response to pressure was determined in calcium-free solution containing EGTA (1 mmol/L). Data at each pressure were expressed as active diameter/maximum passive diameter (%D/Dmax).
Drugs
Nifedipine, nimodipine, and mibefradil were from Sigma; efonidipine was kindly supplied by Nissan Chemical Industries (Tokyo, Japan); and NNC 55-0396 was from Tocris Bioscience (Bristol, UK). Stock solutions (10 mmol/L) of nifedipine and nimodipine were dissolved in dimethyl sulfoxide and kept away from light to avoid photodegradation. Concentration ranges for drugs were chosen from previous studies that have used cells transfected with the relevant VDCC subtype or vascular preparations containing known VDCC subtypes (diltiazem, Feng and Navar, 2006; dihydropyridines, Furukawa et al, 2005 ; mibefradil, as reviewed by Heady et al (2001) ; NNC 55-0396, Huang et al, 2004) . Therapeutic plasma levels of nimodipine achieved in clinical studies were within the range used in this study (B3 mmol/L), although the concentration of nimodipine in cerebrospinal fluid was in the low nanomolar range.
Statistics
Activation and inactivation curves, including half maximal activation potentials (V 0.5 ) and slopes (k), were determined after normalization to maximal current and fit to Boltzmann equations. Time constants were derived from singleor double-exponential curves. Data were analysed using paired t-tests or two-way analysis of variance, followed by Bonferonni post-tests. A P-value less than 0.05 was considered significant.
Results
Expression of VDCC Subtypes
Semi-quantitative PCR showed that Ca V 1.2, 1.3, 2.1, 3.1, and 3.2 mRNA were expressed in both basilar arteries and MCAs and their branches. Ca V 2.3 was only detected in MCA vessels, whereas Ca V 1.4 was only detected in the MCA branch preparations ( Supplementary Figure 1) .
Using real-time PCR to quantify expression of Ca V 1.2, 1.3, 2.1, 3.1, and 3.2 mRNA, we found Ca V 3.1 and 1.2 to be the most highly expressed, being 5-to 10-fold higher than the other subtypes (Supplementary Table 1 ; P < 0.05). No significant difference in expression existed between arteries and their branches, except for Ca V 3.2, which showed lower expression in the basilar arteries and MCAs than in their branches, and Ca V 2.1, which showed higher expression in the basilar artery than in its branches.
Protein expression for each of Ca V 1.2, 1.3, 2.1, 3.1, and 3.2 was similar in both arteries and their branches. Ca V 1.2 was found in SMC membranes ( Figures 1A-1C , arrow), but was absent from endothelial cells (ECs; Figures 1D and 1E ). Ca V 3.1 was found in membranes and cytoplasm of SMCs and ECs ( Figures 1G-1K ). Ca V 3.2 staining was similar to Ca V 3.1 ( Figures 1M-1Q ). In contrast, Ca V 2.3 was confined to the adventitia where it appeared to be localized to nerve fibres ( Supplementary Figure 2) . For each of these antibodies, staining was abolished after incubation with antigenic peptide (Figures 1F, 1L, and 1R) . Staining with antibodies against Ca V 1.3 and 2.1 was not abolished by this procedure and therefore was considered to be nonspecific.
High-pressure freezing, freeze-substitution, and low-temperature embedding enabled good ultrastructural tissue preservation (Figure 2A ). Immunostaining showed Ca V 1.2 and 3.1 localized within the cytoplasm and membranes of SMCs ( Figures 2B-2G , panels a, d, and e), without any significant highresolution colocalization ( Figures 2F and 2G ). Staining for Ca V 3.1, but not for Ca V 1.2, was found in the cytoplasm and membranes of ECs ( Figure 2D , panels b and c). Specificity of labelling was shown because staining was abolished by preincubation in antibody with an excess of the immunizing peptide (Figures 2B, inset; Figures 2E, inset) . Under these conditions, gold particle density was B100-fold lower and comparable to that over SMC or EC nuclei (nu), internal elastic lamina (IEL), vessel lumen or adventitia (adv), where gold particles were rare ( Figures  2B-2G ).
Voltage-Dependent Calcium Currents in Isolated SMCs
Isolated SMCs were spindle shaped and protein expression was assessed by immunohistochemistry for Ca V 1.2 and 3.1, immediately after dissociation and at the end of patch clamp experiments (5 h after isolation). Staining suggested that Ca V 1.2 and 3.1 protein distribution was not adversely affected by the cell isolation procedure ( Figure 3A) . Ca V 3.2 was more weakly expressed.
High-voltage-activated calcium currents were evoked from holding potentials of À100, À70, or À50 mV, with 10 mmol/L Ba 2 + as charge carrier (Figures 3B-3E) . These potentials were chosen to maximally evoke T-type currents (À100 mV) and to emulate the resting membrane potential in fully relaxed, unpressurized vessels (À70 mV) or myogenically active vessels (À50 mV, Knot and Nelson, 1998) . No significant differences were found in the halfmaximal activation potentials (V 0.5 ) or slopes (k) of activation among the holding potentials ( Figures 3C-3E ; Supplementary Table 2 ), although currents tended to be larger when evoked from more negative potentials ( Figure 3C ). Inactivation characteristics were also similar ( Figure 3E ).
Currents had similar biophysical characteristics irrespective of the arterial origin of the SMCs (Supplementary Table 2 ). Replacement of Ba 2 + with 2 mmol/L Ca 2 + as charge carrier caused a shift to more negative activation potentials and decreased activation and inactivation time constants (Supplementary Table 2 ), as reported previously (Shcheglovitov et al, 2007) .
Effect of L-Channel Blockers on Calcium Currents
Nifedipine (1 mmol/L) reduced inward currents in SMCs isolated from the main basilar artery to 12% ± 2.4% of the current in control solution when Calcium channel subtypes and cerebral constriction tested from a holding potential of À50 mV, to 22%±3.1% of control current from À70 mV, and to 30% ± 7.6% of control current from À100 mV (Figures 4A and 4B, Supplementary Table 3 ). As the residual current from À50 mV was small, the subsequent analysis was confined to currents evoked from À70 and À100 mV. Effects of nifedipine were not time dependent as there was no change in evoked current during repetitive depolarizing protocols from À70 to + 10 mV ( Figure 4C ).
The nifedipine-insensitive component showed significant changes in biophysical characteristics from the nifedipine-sensitive current. V 0.5 was significantly shifted to more negative potentials (À8.9±1.8 to À12.5±1.4 mV, from À70 mV), without any change in k, whereas time constants for activation and inactivation of the nifedipine-insensitive current were significantly faster than those for the nifedipine-sensitive component ( Figures 4D-4F ; Supplementary Table 3 ). In contrast, time constants for deactivation were significantly increased compared to control ( Figures 4G and 4H) .
A lower concentration of nifedipine (0.1 mmol/L) produced a larger nifedipine-resistant component in the basilar artery (70% ± 11% of control current), but there was no longer any significant change in time course ( Supplementary Table 3 ), suggesting an incomplete block of the L-type channels.
Significantly larger nifedipine-insensitive currents were evoked from SMCs isolated from arterial branches than from the main basilar artery (33% ± 8% of control current from À50 mV, 47% ± 7% of control current from À70 mV; Figure 6B , Supplementary Table 3) , although the overall currents in these SMCs were smaller (max current of 90 pA). Nevertheless, from a holding potential of À70 mV, the activation and inactivation time courses were again significantly faster and V 0.5 shifted to more negative potentials ( Supplementary Table 3 ).
Nimodipine (10 mmol/L) produced results similar to nifedipine on currents evoked from À70 mV in basilar artery SMCs, with 24% ± 5% of control current remaining. This insensitive current exhibited a significant leftward shift in V 0.5 and significantly faster activation and inactivation time constants (Figures 5A, 5B , and 5D; Supplementary Table 3 ). A lower concentration of nimodipine (1 mmol/L) resulted in a larger resistant component (36% ± 10% of control current) with similar changes in time course ( Supplementary Table 3 ).
Inactivation curves for both the nifedipine-and nimodipine-insensitive currents were significantly shifted to more negative potentials leading to a leftshifted persistent window current ( Figures 5C and 5D ). Tissue prepared for immunoelectron microscopy shows normal vessel morphology with smooth muscle cells (SMCs) and endothelial cells (ECs) separated by the internal elastic lamina (IEL); with myosin filaments oriented to the longitudinal cell axis and accumulations of mitochondria within the cells. (B-G) Gold labelled Ca V 1.2 (10 nm) and Ca V 3.1 (5 nm) were found in the SMC cytoplasm and at cell membranes (B, C, E-G). Ca V 3.1 was also found in ECs (D). Boxes in C-E shown at higher magnification in panels a-e. Gold particles were rarely found over nuclei (nu: C, D, panel c), adventitia (adv: C, panel d), IEL (B, E, panels a, b, and e, F, G), or lumen (panel c), and staining was abolished after incubation with appropriate corresponding immunogenic peptide (insets in B, E).
To confirm that the nifedipine-resistant component was not an L-type current with reduced dihydropyridine sensitivity, we tested the nondihydropyridine blocker, diltiazem (10 mmol/L) on the left-shifted nifedipine-insensitive current. No further reduction in the residual current or alteration in its characteristics was seen in the combined presence of nifedipine and diltiazem (Figures 5E and 5F; Supplementary Table 3 ).
Data showed that non-L-type calcium currents, with activation and inactivation curves shifted to more negative potentials and significantly faster time courses than L-type currents, were evoked by voltage in cerebrovascular SMCs.
Effect of T-Channel Blockers on Calcium Currents
Mibefradil (1 mmol/L) abolished the nimodipine-and nifedipine-insensitive calcium currents in SMCs from the main basilar artery (Figures 5A, 5B , and 6A) and side branches, although 3 mmol/L mibefradil was required in the latter ( Figure 6B ). In the absence of nifedipine or nimodipine, mibefradil abolished all current ( Figures 6C and 6D) . NNC 55-0396 (1 mmol/L), a mibefradil analogue, reported to be without effects on L-type channels in expression systems at concentrations below 100 mmol/L (Huang et al, 2004; Li et al, 2005) , also abolished all current ( Figures 6E  and 6F) , as did the dual L-and T-type blocker, efonidipine (10 mmol/L). None of the T-type antagonists were reversible.
These data showed that putative T-type blockers also inhibit evoked L-type currents in cerebrovascular SMCs.
Effect of L-and T-Type Blockers on Pressure-Induced Constriction and Tone
The main basilar artery and its larger and smaller branches showed pressure-dependent constrictions Figure 3 Voltage-dependent calcium currents in cerebrovascular SMCs. (A) Isolated SMCs were spindle-shaped and expressed Land T-type channels (Ca V 1.2 and 3.1) with reduced Ca V 3.2 expression. Immunohistochemistry images were converted to black on white. (B) Ba 2 + currents evoked from a holding potential of À70 mV with incremental 10 mV depolarizing steps between À50 and + 50 mV. (C, D) Group data for currents evoked from À50, À70, and À100 mV, normalized to cell capacitance (C) or peak current (D). (E) Activation and inactivation curves from À70 and À100 mV. n = number of cells/animals. that were abolished in the absence of calcium (Figures 7A, 7B, and 7C, respectively) . Although pressure-induced constriction in the main basilar artery was abolished by nifedipine (1 mmol/L; Figure  7A ), the same concentration did not completely abolish constriction in the larger branches ( Figure  7B ) and only partially inhibited the pressure-dependent myogenic constrictions at pressures > 60 mm Hg in the smaller branches ( Figure 7C ). Tone was inhibited further when mibefradil (1 or 3 mmol/L) was added together with nifedipine ( Figures 7B  and 7C ).
In the large branches, in comparison with nifedipine alone that only partially reduced constriction ( Figure 7D ), mibefradil was found to nearly abolish constriction at 1 mmol/L, suggesting a combined action on L-and T-type channels, whereas at 10 mmol/L it produced constriction ( Figure 7E ). This latter effect is likely to be due to action on potassium channels, because it was reduced after pretreatment with tetraethylammonium (data not shown). A more selective analogue of mibefradil, NNC 55-0396, produced a concentration-dependent inhibition of constriction (although, unlike mibefradil, it did not produce constriction) that was inhibited further by nifedipine ( Figure 7F) .
In summary, pressure-induced vasoconstrictions in the main basilar artery were completely dependent on L-type channels, whereas in the large and small side branches, an increasingly large compo- Figure 4 Effect of nifedipine on calcium currents. (A) Calcium currents evoked from holding potential of À70 mV were reduced by nifedipine (1 mmol/L) and restored on wash out. (B) Group data of nifedipine-sensitive and insensitive currents, n = 8 cells. (C) Effects of nifedipine did not increase with time of application to current evoked by repetitive depolarizing steps from À70 to + 10 mV, n = 4 cells. (D-F) Nifedipine-insensitive currents had significantly faster activation (D, E) and inactivation time constants (D, F). Traces in D have been normalized to maximum current evoked with a depolarizing step to 0 mV from a holding potential of À70 mV. (G, H) Nifedipine-insensitive tail currents were fitted with two time constants that were both significantly slower than control, n = 9 cells. *P < 0.05 significantly different from paired control. nent of tone was resistant to block with nifedipine; resistance being the greatest in the smaller vessels.
Discussion
This study shows for the first time that a heterogeneous population of dihydropyridine-sensitive and insensitive VDCCs contributes to vasoconstriction of small cerebral arteries; the dihydropyridine-insensitive channels having a more prominent role as vessel size decreases. Moreover, in SMCs isolated from either basilar artery or MCA, a highvoltage-activated calcium current, which was insensitive to the dihydropyridines, nifedipine, and nimodipine, was also found and this current could be completely blocked with the putative T-type channel blockers, mibefradil, NNC 55-0396, and efonidipine. Although the dihydropyridine-sensitive component of the current exhibited biophysical Figure 5 Effect of L-type blockers on calcium currents. (A) Calcium currents evoked from holding potential of À70 mV were reduced by nimodipine (10 mmol/L) and abolished by addition of mibefradil (1 mmol/L). (B) Group data n = 10 cells. (C, D) After inhibition of L-type currents with nifedipine (C) or nimodipine (D), window currents were left shifted due to a significant change in the activation and inactivation curves of the dihydropyridine-resistant current (see Supplementary Table 3 for details). (E) Calcium currents evoked from holding potential of À70 mV were reduced by nifedipine (1 mmol/L), but not affected by addition of diltiazem (10 mmol/L). (F) Group data n = 4 cells. characteristics typical of L-type VDCCs, the activation and inactivation characteristics of the insensitive current were significantly faster, the deactivation time course significantly slower, and the persistent window current shifted to more hyperpolarized potentials. The greater contribution of these dihydropyridine-insensitive currents to evoked calcium currents of SMCs and to pressure-induced vasoconstriction of smaller cerebral arteries suggests that they have a significant function in cerebrovascular resistance.
While myogenic constriction of pressurized main basilar arteries was abolished by nifedipine, consistent with earlier observations reported in the larger rat posterior cerebral arteries , a significant component was resistant in smaller diameter side branches. The smaller calibre vessel data are in accordance with the finding that a greater proportion of the evoked calcium current in SMCs isolated from branches of the basilar artery was dihydropyridine-resistant, compared with that in SMCs from the main basilar artery. Interestingly, a high-voltage-activated nifedipine-insensitive current was also more prominent in smaller mesenteric arterioles (Morita et al, 1999; Morita et al, 2002) . In the smaller side branches of our study, nifedipine only partially inhibited myogenic vasoconstriction and only at pressures greater than 60 mm Hg, indicating that conventional dihydropyridine-resistant L-type channels have a minor role in maintaining tone of these smaller arteries. This observation corroborates our recently published findings that showed abolition of vasomotion by nifedipine in small basilar side branches taken from juvenile rats, Figure 6 Effect of L-and T-type blockers on calcium currents. (A) Calcium currents in SMCs from the main basilar artery, evoked from holding potential of À70 mV, were reduced by nifedipine (1 mmol/L) and abolished by addition of mibefradil (1 mmol/L; n = 4 cells). (B) In SMCs from basilar side branches, there was a larger nifedipine-insensitive component (1 mmol/L) that was abolished with mibefradil (1, 3 mmol/L; n = 9 cells). (C-F) T-type blockers, mibefradil (1 mmol/L), and NNC 55-0396 (1 mmol/L) blocked all evoked current in SMCs from the main basilar artery. (D, F) Group data n = 4 cells. but without any corresponding inhibition of tone (Navarro-Gonzalez et al, 2009) . The persistence in Ca v 1.2 knockout mice of myogenic constriction in skeletal muscle arteries in response to pressures up to 40 mm Hg (Moosmang et al, 2003) is consistent with the shift we see in window current to more negative potentials after treatment with dihydropyridines, and indicative of a more prominent effect at lower systemic pressures where membrane potential is more hyperpolarized .
Both L-(Ca V 1.2) and T-type (Ca V 3.1 and 3.2) channels were the major VDCC subtypes expressed in SMCs of the MCAs and basilar arteries at both mRNA and protein levels. This distribution is consistent with our previous studies in juvenile rats (Navarro-Gonzalez et al, 2009 ) and with studies in other vascular beds (Hansen et al, 2001; Jensen et al, 2004; Morita et al, 2002; VanBavel et al, 2002) ; however, the expression of Ca V 3.1 and 3.3, but not Ca V 3.2, in the dog basilar artery is suggestive of species variation (Nikitina et al, 2007) . In this study, Ca V 3.1 and 3.2 were also detected in ECs, although a function for VDCCs in the endothelium is yet to be established. Nevertheless, the recent demonstration in mesenteric arterioles of Ca V 3.2 protein in ECs (Braunstein et al, 2008) may suggest a more widespread distribution in this cell layer. Although considerable expression for the T-type channels was found in the cytoplasm of SMCs, our ultrastructural studies showed that Ca V 3.1 protein, similar to that of Ca V 1.2, could be found at the cell membrane. However, we did not find any evidence for high-resolution colocalization of L-and T-type channels, as has been suggested recently to account for overlapping pharmacological actions of L-and T-type antagonists in mesenteric arterioles (Braunstein et al, 2008) .
In spite of the expression of T-type channels, we did not find any evidence for low-voltage-activated currents in cerebrovascular SMCs, although lowvoltage-activated currents, sensitive to both nimodipine and mibefradil, have been recorded in SMCs from dog basilar arteries (Nikitina et al, 2007) . However, we did find that B20% of the calcium current recorded in isolated SMCs persisted in the presence of either nifedipine (1 mmol/L) or nimodipine (10 mmol/L) and that this resistant component displayed biophysical characteristics more similar to Figure 7 Effect of L-and T-type blockers on myogenic tone of basilar artery (A) and branches (B-F). (A-C) Nifedipine-resistant tone increased with decreasing vessel size. In the main basilar artery (vessel diameter 319 mm), nifedipine (1 mmol/L) completely abolished vascular tone, and mibefradil (1 mmol/L) had no additional effect (A). In the larger branches (vessel diameter 172 mm), addition of mibefradil (1 mmol/L) after nifedipine (1 mmol/L) caused a further significant relaxation (B). In the smaller side branches (vessel diameter 101 mm), nifedipine (1 mmol/L) only partially reduced tone at pressures above 60 mm Hg and addition of mibefradil (3 mmol/L) significantly reduced tone at all pressures (C). (D-F) Effects of L-and T-type blockers in the larger branches of the basilar artery. Nifedipine (0.1, 1 mmol/L) caused a dose-dependent relaxation, but did not completely abolish tone (D). Mibefradil alone inhibited constriction at 1 mmol/L, but induced constriction at 10 mmol/L (E). The T-type blocker, NNC 55-0396, caused a dosedependent inhibition of constriction that was further inhibited by the addition of nifedipine (1 mmol/L) (F). *P < 0.05, two-way analysis of variance, n = 4 to 6 vessels.
that of a T-type current. The lack of a significant effect of a lower concentration of nifedipine (0.1 mmol/L) on the biophysical parameters of the residual current suggests that this concentration produced an incomplete block of L-type channels. This contrasts with the appreciably lower IC 50 for nifedipine determined in cell lines transfected with Ca v 1.2 channels (Lee et al, 2006) , raising the question of whether pharmacological data obtained in transfected cell lines are applicable to channel function of native SMCs.
The present single cell data confirm that mibefradil, as well as the more selective T-type blockers, NNC and efonidipine, block L-type VDCCs, as well as dihydropyridine-insensitive channels. However, the persistence of a small L-type component of the myogenic response in pressurized cerebral arteries in the presence of NNC may indicate that isolated SMCs do not behave exactly as they do in their normal cellular environment. Alternatively, we cannot rule out the possibility that the use of barium as charge carrier in the isolated SMCs could have increased the sensitivity of the native L-type channels to T-type channel blockers. Nevertheless, the results indicate that caution should be exercised when using these putative T-type blockers to define a contribution of T-type channels in tissue preparations.
Pressure-evoked vasoconstriction and vasomotion of cerebral vessels has previously been shown to depend on the activity of transient receptor potential channels that provide the depolarization required to activate the VDCCs studied here (Brayden et al, 2008; Wolfle et al, 2010) . L-type VDCCs also interact closely with ryanodine receptors and large conductance calcium-activated potassium channels to provide a negative feedback on cerebral vasoconstriction (Jaggar et al, 1998) . Our preliminary data of attenuation by the nonselective potassium channel antagonist, tetraethylammonium, of the anomalous constriction induced by high concentrations of mibefradil may suggest that the dihydropyridineinsensitive VDCCs described here also form spatially close relationships with potassium channels. Further investigation of these potential interactions is warranted.
In view of the data presented here, the question arises as to the molecular identity of the dihydropyridine-insensitive current. Recent studies indicate that the genes encoding L-type VDCCs undergo significant splice variation producing channels that activate at more hyperpolarized potentials (Cheng et al, 2009; Liao et al, 2007) . However, the current described in this study differs from these L-type splice variants in several ways. First, it is insensitive to nifedipine and nimodipine, whereas the L-type variants are more sensitive to dihydropyridines (Liao et al, 2007) . Interestingly, an L-type splice variant found in the rat heart has been reported to be less sensitive to the dihydropyridine nisoldipine, although this variant was not detected in vascular smooth muscle (Welling et al, 1997) . Second, the inactivation time course of the nifedipine-insensitive component described here was similar to that of a T-type channel (Perez-Reyes, 2003) and considerably faster than the L-type splice variants (Cheng et al, 2009; Liao et al, 2007) . Third, the tail currents of the nifedipine-resistant component were significantly slower than the composite current, again being similar to T-type channels that undergo slower deactivation (Lacinova, 2005; Perez-Reyes, 2003) than L-type channels (Brown et al, 1993) . Finally, no further attenuation of the nifedipine-insensitive current was observed after addition of the benzothiazepine, diltiazem, indicating that the concentration of nifedipine used was sufficient to completely block L-type currents. Conversely, the similarity in time course of the nifedipine-insensitive component to T-type channels suggests that the current may arise from a T-channel splice variant. T-type channel splice variants have been described to alter surface expression (Shcheglovitov et al, 2008) , as well as to shift activation to more positive potentials (Chemin et al, 2001; Emerick et al, 2006) . Of further interest is the reduced sensitivity to mibefradil of the channels in the smaller branches. However, we did not find any evidence for a low-voltage-activated current that is a diagnostic feature of T-type channel activity. Thus, to summarize, the current recorded in this study has the pharmacological and biophysical characteristics of a T-type channel with the voltage sensitivity of an L-type channel. Clearly, a complete molecular biological and pharmacological analysis is required to resolve this issue.
In conclusion, the present data provide evidence for a population of dihydropyridine-insensitive VDCCs that contribute to vascular tone of small cerebral vessels. Although both L-and T-type channels are highly expressed in these vessels, the precise molecular identity of these dihydropyridineinsensitive channels is currently uncertain. Nevertheless, the responsiveness of these channels to nonselective T-type VDCC blockers suggests that these drugs may well provide a more effective treatment for therapy-resistant vasospastic conditions of the cerebral circulation.
